The formation mechanism of as-cast coarse columnar γ grain (CCG) structure in hyperperitectic carbon steels is investigated by means of rapid unidirectional solidification method. This method realizes the cooling conditions similar to those in the vicinity of practical continuously cast slab surface. The microstructural observation of the quenched samples indicates that the CCG structure develops from the mold side along the direction of the temperature gradient. In the solidifying samples, fine columnar γ grains (FCGs) always exist ahead of the CCG region. Instead of continuous growth into the large grains, the FCGs always shrink and vanish due to the growth of the CCGs initially formed near the mold side. Therefore, the grain size at a fixed point of the ingot discontinuously changes from the FCG to the CCG. The validity of this process was supported by numerical analyses. This finding is in marked contrast to the assumption made in the conventional grain growth analysis on the CCG structure.
Introduction
In continuous casting (C.C.) of peritectic carbon steels, as-cast γ-austenite structure consists of coarse columnar grains in the vicinity of the surface of the cast steel slab. The coarse columnar γ grain (CCG) structure causes the detrimental effects on the ductility of the slab and causes surface cracking in C.C. and/or direct hot rolling processes [1, 2] . Hence, it is quite important to prevent the formation of the CCG structure.
The solidification of the peritectic carbon steel starts with the crystallization of primary δ-ferrite phase, followed by the peritectic reaction, L+δ → γ, at the peritectic reaction temperature, T P . The γ phase is coexistent with the liquid or δ phase in a temperature range between T P and a temperature for completion of γ transformation, T γ .
In this range, the liquid or δ phase acts as a pinning phase for γ grain growth [2] [3] [4] . The grain growth of the γ phase takes place immediately after the liquid or δ phase disappears below T γ [2] [3] [4] . This behavior was well substantiated for the formation of equiaxed γ grain structure in the slow cooling process with small temperature gradient [2] [3] [4] .
The formation of as-cast CCG structure in slow cooling process with a large temperature gradient was investigated for the hyperperitectic carbon steel by means of Bridgman type unidirectional solidification method [5] . It was observed that the CCG structure develops along the temperature gradient. Importantly, it was found that fine columnar γ grains (FCGs) always form ahead of the CCG region. The temperature in the FCG region corresponds to the liquid + γ two phase field in the phase diagram. The minor axis diameter of the FCG is comparable to the primary dendrite arm spacing [5] .
Based on these experimental findings [2, 5] , a classical grain growth model was applied to the prediction of grain size in as-cast columnar γ grain structure [6] . The assumption on which this model is based is schematically illustrated for the case of hyperperitectic carbon steel in Fig. 1 . When one considers the position denoted by "H", this region corresponds to the L+γ two phase field in Fig. 1(a) . The liquid phase surrounds the γ grains, accordingly retarding the growth of γ grains. These γ grains correspond to the FCGs. When the temperature at "H" becomes lower than T γ ( Fig.   1(b) ), the FCG is expected to continuously grow and finally become the CCG ( Fig.   1(c) ). Hence, this process assumes that the grain growth continuously takes place from the FCG to CCG in the cooling process below T γ . It has been demonstrated that the classical model based on this assumption is useful in predicting the γ grain size in some C.C. slabs cooled down to a low temperature [6] [7] [8] [9] . To the best of the present authors' knowledge, however, there is no direct experimental evidence indicating the continuous grain growth from the FCG to CCG. Therefore, despite its practical importance and scientific interest, the formation mechanism of the CCG structure remains to be clarified.
In the present study, we carry out the detailed investigation on the formation mechanism of the CCG structure in a rapid cooling process with a large temperature gradient. In particular, our focus is directed to the cooling process similar to that in the slab surface in the practical C.C. process. For this, we employ rapid unidirectional solidification method that enables us to examine the as-cast γ grain structure quite similar to that observed in the practical C.C. slab surface. We focus on a peritectic carbon steel with 0.2mass% carbon concentration, since the as-cast γ grain structure in this steel is known to exhibit quite coarse and columnar structure [10] . Furthermore, we investigate 0.35 mass% carbon steel in order to support the validity of our findings.
In this paper, we demonstrate that the continuous growth from the FCG to CCG does not occur but the change from the FCG to CCG structure is discontinuous. The CCGs continuously develop from the mold side along the temperature gradient.
Although the FCGs always form ahead of the CCGs, the FCGs do not grow to be the CCGs. The FCGs always shrink due to the growth of the CCGs. Moreover, the coarsening of the CCG along the minor axis diameter occurs only at temperatures close to T γ , and the grain growth barely takes place below T γ . These findings are in marked contrast to the assumption (Fig. 1) in the previous studies [6] [7] [8] that the CCG structure results from the continuous growth from the FCGs during the cooling process below T γ .
Experimental
In the present study, we focus on the hyperperitectic carbon steels with 0.2 and 0.35 mass% carbon concentrations. These steels are called 0.2C and 0.35C in this paper and their chemical compositions are shown in Table 1 . A forged 0.2 mass% carbon steel bar was utilized as a row material. The 0.35C steel sample was prepared with mixing the forged 0.2 mass% steel bar and a forged 0.45 mass% carbon steel bar.
The samples were melted in a cylindrical MgO crucible with an inner diameter of 28mm and a depth of 70mm at 1570 o C in a SiC furnace filled with the Ar gas of five-nine purity and held at this temperature for an hour. Then, the melted sample was cast into the rapid unidirectional solidification equipment. The cast sample was about 180 g in weight and 40mm in height. Figure 2 (a) is the schematic illustration of this equipment. The melted sample was cast into an MgO pipe on a water-cooled copper mold. The MgO pipe had been preheated at 1570 o C and put on the copper mold just before the casting operation to realize upward unidirectional solidification.
In order to check the cooling condition in this equipment, we preliminarily monitored the cooling curves at different positions in the samples by setting B-type thermocouples inside the sample at several heights from the copper mold. Figure 2(b) shows the cooling curves at 10 and 15 mm heights for the 0.2C sample. A dashed line in Fig. 2(b) indicates T γ for the 0.2C sample calculated by the CALPHAD method [11] .
The thermodynamic database, PanIron [12] , was employed for this calculation. The values of T γ were calculated to be T γ =1478 o C for the 0.2C sample and T γ =1448 o C for the 0.35C sample. Both the cooling rates at 10 and 15mm heights were estimated to be about 10 o C/s at T γ . This value is in good agreement with the cooling rate estimated for the practical C.C. process [13] . The temporal change of the microstructure in the solidifying sample was investigated by dropping the solidifying sample together with the MgO pipe quickly into intensely agitated iced water. The quenching equipment consists of the water vessel and the rotation agitator with chains at the center of water vessel. The agitator with chain enables us to realize rapid cooling of the solidified samples by crashing the MgO pipe. As mentioned later, in this rapid quenching technique, almost all the liquid phases remaining in the sample were dropped out of the sample, leaving only the solidified sample after the quenching operation. The solidification was completed over the entire sample after holding for 100s in the equipment. The time for quenching operation was accordingly chosen to be 10−100s.
Each ingot was sectioned vertically along the center axis of the ingot and the cross sections were polished and etched with 3%-nital and Oberhoffer's solutions to observe the as-cast γ structure and the dendrite structure, respectively. For the microstructural observation, we focused on the region from the bottom to 25mm height from the mold because the cooling process at the top part of the sample should be affected by the air cooling condition which is not our concern. Also, the sample was horizontally sectioned at several heights from the copper mold wall and the minor axis diameter of the γ grains was measured on the horizontal sections. slabs [13] are plotted in Fig. 4 . The data in Ref. [13] originally indicate average area per γ grain on the section parallel to the side surface. We converted these data to the average diameter by assuming the circular cylindrical shaped grains. Cp in Fig. 4 indicates the equivalent carbon content of the steels. This value was calculated by using the equation proposed by Howe [14] , Cp= C C -0.14C Si + 0.04C Mn , with the concentration of i element, C i (mass%). The values of D CCG in the C.C. slabs with Cp =0.21 and 0.19 mass% [13] are slightly higher than those in the 0.2C sample. However, the difference is not substantial at all. One can grasp that the present casting process yields the as-cast γ grain structure quite similar to that observed in the practical C.C.
Results and discussion

Microstructures in the samples cooled to room temperature
process. In Fig. 4 , the values for the 0.35C sample are always lower than those for the 0.2C sample, which originates from the difference in T γ between these samples as discussed later. the temperature at the FCG/CCG region boundary is always equal to T γ during the solidification in both the samples. Therefore, the FCG region corresponds to the liquid+γ two phase field. In the early study on slow cooling process [5] , the FCG region was also found to correspond to the liquid+γ two phase field. Also, it was concluded that the liquid phase in the FCG region acts as the pining phase for the γ grain growth [5] .
Microstructures in solidifying samples
As shown in Fig. 5 (c), the structure discontinuously changes from the FCG to the CCG. This is in marked contrast to the assumption in the early studies that the FCGs continuously grow and become the CCGs [6] [7] [8] . This point is further addressed in the next section.
Grain growth along minor axis of columnar grains
As mentioned, the early studies on the formation of CCG structure [6] [7] [8] assumed that the FCGs continuously grow into the CCGs during the cooling process below T γ . However, as shown in Fig. 5(c) , the γ grain structure discontinuously changes from the FCG to CCG at the FCG/CCG region boundary. Therefore, in order to check the validity of the conventional assumption, we performed the following measurement.
We measured the minor axis diameter of γ grains at a fixed position (a fixed height from the mold wall) in the 0.2C samples quenched at different timings. We chose 8mm
height from the mold wall. Then, we converted the quenching timing to the temperature based on the measured cooling curve at 8 mm height. The results are shown by the filled square symbols in Fig. 7 . As indicated by the arrows, the diameter discontinuously and drastically increases by almost one order of magnitude at T γ .
Furthermore, the diameter does not appreciably change below T γ .
For comparison, we carried out the calculation for the grain growth based on the conventional assumption that the FCG continuously grows into the CCG during the cooling process below T γ . The grain growth model based on the curvature driven growth is expressed by the following equation [15] ,
where D is average grain diameter (m), M is the grain boundary mobility (m 2 ·s -1 ), M 0 represents the kinetic constant for the grain boundary mobility (m 2 ·s -1 ) and Q is the apparent activation energy for grain growth (kJ/mol). In Ref. [16] , the values of Q and M 0 were measured for the three-dimensional grain growth in the slow cooling process of plain carbon steels. Our concern here is the two-dimensional grain growth of the minor axis diameter of the columnar γ grains. For the present calculation of the 0.2C sample, we employed Q=177 kJ/mol measured in Ref. [16] and M 0 = 2.0×10 -3 m 2 ·s -1 which is one-half of the value obtained in Ref. [16] . On the basis of the curvature driven grain growth theory, the driving force for the two-dimensional grain growth must be half of that of the three-dimensional grain growth [17] . For the numerical analysis, by taking this fact into account, we used one-half of the value reported in Ref. [16] for M 0 .
The equation (1) it is revealed that the continuous grain growth from the FCG to CCG below T γ does not take place. We confirmed that this is the case at the different position in the 0.2C sample and also in the 0.35C sample. Therefore, the formation mechanism of the CCG structure should be different from the previous model [6] [7] [8] .
As shown in Fig. 7 , the minor axis diameter does not change below T γ . On the other hand, the minor axis diameter gradually increases with increasing distance from the mold wall in the samples naturally cooled to RT (Fig. 4) . In order to clarify this behavior, we measured D CCG at the FCG/CCG region boundary in the 0.2C samples quenched at the different timings. The result is shown by the filled square symbols in (Fig. 4) . This fact indicates that the minor axis diameter increases only in the vicinity of the growing tip of CCG region where T=T γ and it does not change below T γ . This is also the case in the 0.35C sample.
It is noted that the temperature at the FCG/CCG region boundary always corresponds to T γ during the solidification (Fig. 6) . In the above-mentioned calculation, the value of M 0 is significantly higher than the value reported in Ref. [16] . Instead of changing M 0 , we may modify the value of Q to reproduce the present experimental data. There are several possible reasons to explain the difference in M 0 and/or Q between the present work and Ref. [16] such as the difference in the temperature range for the estimation of these values and the possibility of the concentration dependence of these values [18] . However, the detailed discussion about this point is beyond the focus of this study. For the present purpose, it is sufficient to choose the values of M 0 and Q to judge whether or not the grain growth observed in the 0.2C and 0.35C samples can be reproduced by the model based on the curvature driven growth, eq(1).
Formation mechanism of coarse columnar γ structure
The present investigation demonstrated the following facts.
1) The FCGs always exist ahead of the CCG region (Fig. 5) .
2) The temperature at the FCG/CCG region boundary is always near T γ during the solidification (Fig. 6 ). The FCG region thereby corresponds to the liquid+γ two phase field.
3) The minor axis diameter of the FCG corresponds to the primary dendrite arm 4) The minor axis diameter of the columnar γ grains at a fixed point of the ingot discontinuously changes from the one of FCG to CCG. The grain growth along the minor axis does not take place below T γ (Fig. 7) .
5) The grain growth along the minor axis of CCG isothermally takes place at T γ only near the FCG/CCG region boundary (Fig. 8) .
From these findings, we consider the following scenario for the formation process of the CCG structure, as schematically shown in Fig. 9(a) . First, the columnar dendrite of δ-ferrite phase develops from the mold wall along the temperature gradient. Near the mold side, γ phase forms when the temperature is lower than the peritectic temperature, T P , and then the γ grains coarsen below T γ as shown in Fig. 9 As demonstrated above, the FCG/CCG region boundary always corresponds to T γ and, therefore, the motion of the FCG/CCG region boundary is considered to be pinned by the liquid phase. If there is no pinning effect of the liquid phase, the growth velocity of the CCG along its major axis direction, V CCG , should be entirely determined by the conventional curvature driven growth at T γ . In order for the proposed process shown in Fig. 9 (a) to be realized, V CCG should be higher than or be comparable to the measured velocity in Fig. 6 , V γ . Hence, we estimate V CCG and compare it with V γ to check the validity of our proposed process.
The minor axis diameter of the FCG is almost an order of magnitude smaller than that of the CCG. The driving force for the migration of FCG/CCG region boundary should be ascribable to the minimization of the total grain boundary energy. Hence, the large difference in the minor axis diameter yields the driving force for the migration of FCG/CCG region boundary. The FCGs neighboring the CCGs should shrink as indicated by the arrow in Fig. 9(a)-(ii) . Hence, V CCG corresponds to the shrinking velocity of the FCG. We estimate the shrinking velocity of the FCG based on the curvature driven growth. We consider three-dimensional curvature radius of FCG at the FCG/CCG region boundary, r, as shown in Fig. 9(b) . Based on eq. (1), then, V CCG can be calculated from the following equation,
As for the value of M 0 , we employed the value of M 0 =0.013 m 2 ·s -1 . Then, V CCG at Fig. 9 (a).
It is noted that the scenario of the CCG formation process proposed here is essentially based on the pinning effect of liquid phase on FCG/CCG region boundary.
As described in the introduction, the early literatures [2] [3] [4] demonstrated that the liquid phase acts as a pinning phase in the γ grain growth. As is commonly discussed within the framework of Zener pinning [19] , when the γ grain boundary intersects a liquid phase, the total energy of γ grain boundary is reduced. Therefore, the unpinning process generally requires increment of the total grain boundary energy, which leads to the pinning force, F d . The Zener pinning pressure P z can be then calculated to be
where n d is the number density of the pinning (liquid) phase per unit area of the γ grain boundary. The value of F d depends substantially on the size and the shape of the pinning phase as discussed in detail by Nes et al. [20] . In the present case, hence, the value of F d is mainly determined by the shape and size of the solidifying liquid phases, which depends on the detail of the dendrite structure. In the present case, furthermore, the distribution of the pinning phases (liquid phases) is not uniform but depends on the local position in the dendrite structure formed during unidirectional solidification.
Hence, the estimation of F d and n d requires the detailed analysis on the shape and size of solidifying liquid phases in the three dimensional dendrite structure, which is a challenging task and is beyond our concern in this paper.
Since 
Conclusions
In the present study, the formation kinetics of coarse columnar γ grain (CCG) structure in hyperperitectic carbon steels was investigated by using the rapid unidirectional solidification equipment. It was found that the formation process of the CCG structure is different from the conventional assumption for the continuous grain growth from fine columnar γ grain (FCG). The important findings in the present study are summarized as follows:
(1) The FCGs always exist ahead of the CCG region during the solidification. The change from the FCG to CCG structure is discontinuous. The minor axis diameter of FCG is quite comparable to the primary dendrite arm spacing and the FCG region corresponds to the liquid+γ two phase field. Ref. [6] . The solidification proceeds from (a) to (c). Schematic illustration for the migration of FCG/CCG region boundary.
